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Influence of Ball-Milled Low Purity Boron Powder
on the Superconductivity of MgB2
X. Xu, J. H. Kim, W. K. Yeoh, M. Rindfleisch, M. Tomsic, Dayse I. dos Santos, and S. X. Dou
Abstract—MgB
2
samples were prepared using as-supplied
commercial 96% boron with strong crystalline phase and the same
96% boron (B) after ball milling. The effects of the properties of
the starting B powder on the superconductivity were evaluated.
We observed that samples using ball-milled 96% B, in comparison
with the one made from the as-supplied 96% B, were character-
ized by small grain size, broadened full width at half maximum
(FWHM), and enhanced magnetic critical current density ( ).
reached 2 103 Acm 2 at 5 K and 8 T. The improved pinning
of these samples seems to be caused by enhanced grain boundary
pinning at high field.
Index Terms—Ball milling, crystallinity, magnetic critical cur-
rent density, MgB
2
.
I. INTRODUCTION
THE discovery of the superconductivity of with acritical temperature of 39 K has offered the promise
of important large-scale and electronic device applications at
around 20 K [1]. A significant enhancement in the critical cur-
rent density of has been achieved through chemical
doping with carbon (C) containing compounds, such as SiC,
C, , and carbon nanotubes (CNT). Chemical doping is a
simple and readily scalable technique. However, doping effects
have been limited by the agglomeration of nanosized dopants
and poor reactivity between boron (B) and C [2]–[7]. In order
to overcome these problems, one of the co-authors proposed the
carbohydrate through solution route [8].
To further improve the superconductivity, the properties of
the starting B powders, such as purity, size distribution, par-
ticle size, etc., need to be considered as they may also play
an important role in determining the fundamental properties of
. It is further necessary to study sample preparation pro-
cessing to achieve optimum conditions of the starting materials
for applications. Recently, various methods for this have been
reported, for example, a ball-milling method, a thermo-mechan-
ical processing method, the use of powder instead of
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Mg, and the use of an acid leaching process [9]–[13]. Among
them, the ball-milling method is particularly interesting, as size
control and homogeneity of the starting material may induce
more effective pinning without any dopants. Specifically, the
ball milling of B using toluene leads to small grain size, resulting
in enhanced under high field as previously reported. The es-
timated reached at 8 T and 5 K [14].
In addition, using low purity starting materials can achieve
beneficial advantages. The cost of the materials must be consid-
ered for practical applications. High purity ( 99%) amorphous
B powder is about 10 times more expensive than low purity 96%
powders with crystalline phase. If the low purity B powders can
be used to produce conductors, the material cost could
be significantly decreased.
In this work, therefore, we evaluated the ball-milling effects
on the superconducting properties of . We used the low
purity 96% commercial B powder with crystalline phase as
a starting material. The lattice parameters, grain size, lattice
strain, , and are presented in comparison with reference
made from the same commercial 96% B, but without
the ball milling.
II. EXPERIMENTAL DETAILS
pellets were prepared by an in-situ reaction process.
Only B powders (96%) were prepared by ball milling, using
toluene as a medium. The ball-milling process was carried
out for 4 hrs or 12 hrs with a rotation speed of 160 rpm
in air, and then the powders were dried in a vacuum oven
to reduce oxidation. Three kinds of B powders (commer-
cial as-supplied 96% and the ball milled 96% with different
ball-milling times, 4 hrs and 12 hrs) were identified as B96,
BM4B96, and BM12B96, respectively. Then these powders
were mixed, ground, and pressed with Mg (99%) powder.
The sample using B96 was sintered at 800 for
30 min as a reference, and samples using BM4B96 and
BM12B96 were sintered at 650 , 800 and 900 for
30 min under high purity argon gas. These samples
are identified as B96S800, BM4B96S650, BM12B96S650,
BM12B96S800, and BM12B96S900, respectively. The heating
rate was 5 .
All samples were characterized by X-ray diffraction (XRD),
, , and scanning electron microscopy (SEM). The crystal
structure was refined with the aid of the program Jade (ver. 5).
was defined as the onset temperature at which diamagnetic
properties were observed. The magnetization was measured at
5 and 20 K using a Physical Properties Measurement System
(PPMS, Quantum Design) in a time-varying magnetic field with
sweep rate 50 Oe/s and amplitude 8.5 T. All the samples for
measurement were made to the same size
1051-8223/$25.00 © 2007 IEEE
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Fig. 1. X-ray diffraction patterns for the different B powders.
for comparison. The magnetic was derived from the width
of the magnetization loop using Bean’s model [15]. versus
magnetic field was measured up to 8.5 T.
III. RESULTS AND DISCUSSION
Fig. 1 shows the XRD patterns of the starting B powder for
the B96, BM4B96, and BM12B96 powders. We observed that
there were peaks ( and 27.8 ) in all the pow-
ders. Even when we carried out the ball-milling process for
12 hr, the still remained in the B powder. It was noted
that the relative peak intensity of became stronger when
the ball-milling time was increased. Jiang et al. have reported
that may wet the grain boundaries and react with
Mg to form MgO, resulting in depression of the [16]. There
was a particularly strong crystalline response in the B96. This
phase is believed to require high temperature for a full reaction
between Mg and B, and this is why we selected the B96S800 as
the best reference for comparison.
Fig. 2 shows SEM images for (a) B96, (b) BM4B96, and
(c) BM12B96. It was observed that the particle size of the ref-
erence B96 was approximately 1 . The BM12B96 powders
show better homogeneity than the original B96, and the average
particle size was slightly decreased. A narrow size distribution
and small-sized particles can be particularly effective for en-
hancing the reaction between Mg and B. The characteristics of
the BM4B96 powder were between those of the original B96
and those of the BM12B96 powder.
Fig. 3 shows XRD patterns of the after sintering. The
XRD measurements were performed on the ground pel-
lets. All samples seemed to have well-developed phase
with the major impurity MgO phase. Specifically, the relative
MgO intensity increased after the ball-milling of the B. There
is one possible reason: even though we used toluene without
oxygen as the medium, the B can react with O to form
during ball milling. Formed can react with Mg to form
MgO at around 450 . From the XRD data, however, it is very
difficult to calculate the exact quantity of .
Fig. 2. SEM images of the different B powders.
Fig. 3. X-ray diffraction patterns for MgB samples made from the different
B powders.
It is well understand that there are two types of strains in sam-
ples, micro- and macro-strains. For example, the micro- strains
vary from one grain to another on the microscopic scale, re-
sulting in non-uniform peak broadening. On the other hand,
macro-strain is uniform, which can produce peak shifting. The
former is due to the contribution of defects inside the grain and
the latter one is due to the substitution of an element, such as
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TABLE I
THE LATTICE CONSTANTS, AND STRUCTURAL FEATURES FOR THE Mgb SAMPLES MADE WITH THE
DIFFERENT B POWDERS, GRAIN SIZE  INDICATES VALUES CALCULATED USING JADE SOFTWARE
Fig. 4. The magnetic critical current density J for the MgB samples as a
function of external magnetic field.
C, into B sites. In our samples, most defects could have been
introduced by micro-strain within grains.
From the XRD results, FWHM of the (100), (101), (002),
(110), and (102) peaks for samples showed peak broad-
ening, which can be caused by both grain size and lattice strain.
The analysis of FWHM can provide considerable information
on the crystallite size and micro-strain that is present in the spec-
imen [17].
According to Serquis et al., there are two possible reasons for
the peak broadening: one is the MgO inside the grains
and the other lattice defects based on Mg vacancies [18]. So,
we estimated the MgO and Mg fractions in the samples from the
peak area ratio. At the lowest sintering temperature, i.e., 650 ,
several peaks representing un-reacted Mg are found in the ball
milled B samples. The remaining Mg is related to the amount of
crystalline phase B, since sufficient time is needed for the full re-
action. For the BM12B96 samples, as the sintering temperature
increases, the MgO content becomes higher. The fitting process
demands that the Residual Error of Fit parameter is near 5–7%,
so that we can obtain a comparable crystallinity value.
We also calculated the lattice constants and values for all
the samples, as can be seen in Table I. It is to be noted that the
value of the ratio and lattice constants for all samples did
not change within the range of calculation error. Even though
Fig. 5. Normalized volume pinning force (F =F ) for the MgB sam-
ples as a function of external magnetic field at 20 K.
the medium contained C, there were no apparent C substitution
effects. At least, the doping level of C is almost the same for
these samples, so the possibility may be generally neglected.
However, the -axis lattice parameter for the BM12B96S900
sample is shorter than that of the other ball-milled samples. This
is probably because a sample sintered at high temperature finds
it much easier to react with some C source coming from the
medium.
The value of the samples using ball-milled 96% B was
estimated to be 36.4 K to 37 K, while the value for the refer-
ence sample was slightly higher than for the comparable ball-
milled samples. Increased is related to the better crystallinity
and small fraction of MgO. On the other hand, depressed
for the samples using ball-milled 96% B is considered to arise
from a poor connection between grains due to the large amount
of MgO impurity phase at the grain boundaries. In particular
the BM12B96S900 sample had the highest among the ball-
milled samples because of the better crystallinity due to high
temperature sintering, but it still had the largest amount of MgO
to counteract any increase in .
The magnetic field dependence of for all samples is shown
in Fig. 4. As can be seen in the figure, the BM12B96S800
sample made using ball-milled 96% B had a significantly
higher than the B96S800 sample using commercial as-supplied
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B96. reached at 5 K and 8 T. This indicates
that can be improved by small grain size due to ball-mill
processing. We also plot the field dependence curves of the
normalized volume pinning force at 20 K for
different samples in Fig. 5. It was observed that of
all the ball-milled samples is larger than that of the reference
sample. This result indicates that the of the
samples were also improved by the ball milling. The improved
pinning at higher field seems to be caused by enhanced grain
boundary pinning provided by the large number of grain
boundaries. These observations can be further supported by
peak broadening and grain size as mentioned above. It is to be
noted that of the BM12B96S900 sample was slightly
lower than that of BM12B96S650. This is related to the growth
in grain size due to the high sintering temperature, resulting in
depression of under high field.
IV. CONCLUSION
In summary, we have shown that the particle size of the
starting B powders is important in determining the
performance of samples. B96 can be improved by ball
milling in a toluene medium, leading to enhanced magnetic
critical current densities , higher than that of the original
B96. It was considered that ball-milled B powder using toluene
leads to smaller grains and better homogeneity, resulting
in enhanced . Further study of the ball-milling process
promises to allow adjustment of the desired phase form, for ex-
ample, while reducing the grain size of , at the same time
removing MgO phase to release the lattice strain or reducing
the MgO particle size to provide pinning centres to improve .
made with low purity B powder via solid state reaction
could be particularly useful for industrial applications because
of the reduced material cost.
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